Versatile peroxidase (VP) from Pleurotus eryngii is a high redox potential peroxidase. It has aroused great biotechnological interest due to its ability to oxidize a wide range of substrates, but its application is still limited due to low pH and thermal stability. Since CiP (Coprinopsis cinerea peroxidase) and PNP (peanut peroxidase) exhibited higher pH and thermal stability than VP, several motifs, which might contribute to their pH and thermal stability, were identified through structure and sequence alignment. Six VP variants incorporating the beneficial motifs were designed and constructed. Most variants were nearly completely inactivated except V1 (Variant 1) and V4. V1 showed comparable activity to WT VP against ABTS, while V4 exhibited reduced activity. V1 displayed improved pH stability than WT VP, at pH 3.0 in particular, whereas the pH stability of V4 did not change a lot. The thermal stabilities of V1 and V4 were enhanced with T 50 raised by 3°C. The results demonstrated that variants containing the beneficial motifs of CiP and PNP conferred VP with improved pH and thermal stability.
Introduction
Lignin removal is a key procedure in the full use of cellulose and hemicellulose to produce high value-added products (Capolupo and Faraco, 2016; Bilal et al., 2017; Gall et al., 2017) . In recent years, people have showed increased interest in lignin biodegradation for its high efficiency and low environmental pollution (Ruiz-Dueň as and Capolupo and Faraco, 2016; Bilal et al., 2017; Gall et al., 2017) . Some ligninolytic enzymes have been discovered and identified, which can degrade high redox potential lignin effectively, including lignin peroxidase (LiP), manganese peroxidase (MnP) and versatile peroxidase (VP) (Ruiz-Dueň as and . Among them, VP is receiving great concern due to its ability to directly oxidize a variety of substrates, including lignin, phenolic and non-phenolic aromatic compounds, and various dyes (RuizDueň as and ). VP were found in Pleurotus, Bjerkandera and some other basidiomycetes (Martinez et al., 1996; Mester and Field, 1998) . As a Class II heme peroxidase (Hofrichter et al., 2010) (Garcia-Ruiz et al., 2010; Bao et al., 2012) , enzymology (Martinez et al., 1996; Bao et al., 2012) , crystallization (Pérez-Boada et al., 2005) , investigation into the structure-function relationship (RuizDuenas et al., 2007 (RuizDuenas et al., , 2008 Gao et al., 2016) and protein engineering (Garcia-Ruiz et al., 2010 Bao et al., 2014; Gonzalez-Perez et al., 2014 Sáez-Jiménez et al., 2015a , 2015b . However, VP is unstable under various conditions such as high hydrogen peroxide concentration, high temperature, and alkaline or neutral pH environment. Therefore, VP still has not been widely used in industry (Valderrama et al., 2002; Verdin et al., 2006; Martínez et al., 2009; Garcia-Ruiz et al., 2010 Bao et al., 2014; Gonzalez-Perez et al., 2014 Sáez-Jiménez et al., 2015a , 2015b .
Some heme peroxidases like CiP (Coprinopsis cinerea peroxidase) and peanut peroxidase (PNP) exhibited higher thermal and alkaline stability than VP. (i) CiP belongs to class II heme peroxidases too, and has found some applications in several aspects, for instance, removal of phenolic compounds from aqueous solutions and waste waters, and as a detergent additive, etc. (Ikehata et al., 2005) . CiP has a 40 ± 45% identity in amino acid sequence and a similar tertiary structure to LiP (Petersen et al., 1994) . Importantly, this enzyme is very stable at high pH values, for example, peroxidases from Coprinus (Coprinopsis) sp. UAMH 10 067 and Coprinus cinereus (Coprinopsis cinerea) UAMH 4103 retained about 95% and 60% of original activity, respectively, even at pH 10 after several days (Ikehata et al., 2005) . The inactivation temperature of CiP was reported to be around 65°C (McEldoon and Dordick, 1996) . What's more, its oxidative, alkaline and thermal stability was further improved by directed evolution (Cherry et al., 1999) . (ii) Both PNP and horseradish peroxidase (HRP) belong to Class III heme peroxidase (Hofrichter et al., 2010) . Notably, when two calcium ions were completely removed from HRP and PNP, both were still 40% and 50% active, respectively (Shiro et al., 1986; Hu et al., 1987; Schuller et al., 1996) . At 60°C, PNP lost about 65-70% of original activity (Lige et al., 2001) .
In contrast, the high redox potential peroxidases like VP, LiP and MnP were completely inactivated when they were incubated at pH 8.0 for some time (Sutherland and Aust, 1996; George et al., 1999; Reading and Aust, 2000; Gao et al., 2016) . The threshold for inactivation of MnP and VP was found to be temperatures higher than 40°C (Reading and Aust, 2000; Garcia-Ruiz et al., 2012) . Previous results have demonstrated that thermal and pH stabilities of ligninolytic peroxidases are closely related to two structural Ca 2+ (George et al., 1999; Garcia-Ruiz et al., 2010; Gao et al., 2016) .
In this study, based on the structure and sequence alignment of CiP and VP, PNP and VP, some variants incorporating the beneficial motifs of PNP and CiP into VP, which might contribute to their pH and thermal stability, were designed, made and fully characterized.
Materials and Methods

Materials
Chemicals were from Sigma (St. Louis, Missouri, USA) and Merck (New Jersey, USA). Oligonucleotides were synthesized by Shanghai Sangon Biotech Co. Ltd (China). Pfu DNA polymerases from Fermentas (Pittsburgh, Pennsylvania, USA). DpnI was from New England BioLabs (Ipswich, Massachusetts, USA). Plasmid Mini Kit I was from Omega Bio-tek (Norcross, Georgia, USA), and Competent Cell Preparation Kit was from Takara Biotechnology (Otsu, Shiga, Japan). Nickel column was from Novagen (Frankfurter Straße, Darmstadt, Germany). Super GelRed was purchased from US Everbright (China).
Bacterial strains, plasmids and media E. coli DH5α was used for routine DNA transformation and plasmid isolation. E. coli BL21(DE3) was utilized for VP overexpression. E. coli strains were routinely grown in Luria-Bertani broth at 37°C with aeration or on LB plates supplemented with 1.5% (w/v) agar. About 100 μg/ml Ampicillin was added when required.
DNA manipulations
General molecular biology techniques were carried out by following standard procedures (Sambrook et al., 1989) . Plasmid DNA was isolated using the Plasmid Mini Kit I.
Alignment of VP, CiP and PNP, and construction of variants
Primary amino acid sequences of VP, CiP and PNP were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/), and structural alignment of VP (PDB code: 2BOQ), CIP (PDB code: 1H3J) and PNP (PDB code: 1SCH) were performed with PyMOL. V1 and V2 were constructed through prolonged overlap extension PCR (Ho et al., 1989) . Since a lot of mutations were involved in V2, the modified region was divided into two parts. After one part was modified successfully, this part was used as the template for the second part. V3, V4, V5 and V6 were made according to the standard QuickChange Site-Directed Mutagenesis protocol (Stratagene Ltd., La Jolla, California, USA), among which V4 was constructed by two rounds of PCRs. All primers were listed in Table S1 in Supplementary Materials. The required modifications were confirmed by DNA sequencing.
Protein overexpression and purification
WT VP and all variants were overexpressed in E. coli BL21(DE3) in the presence of heme under IPTG induction following published procedure (Bao et al., 2012 (Bao et al., , 2014 Gao et al., 2016) . WT VP and all variants were purified on Nickel column as reported (Bao et al., 2012 (Bao et al., , 2014 Gao et al., 2016) . The purity of protein was checked by SDS-PAGE. The protein concentration was determined by the Bradford method using bovine serum albumin as a standard. Each enzyme was estimated to be >90% pure by SDS-PAGE. The R z value was calculated based on A 407 nm /A 280 nm .
Enzyme activity assay
H 2 O 2 concentration was estimated by titration using potassium permanganate, and further checked spectrophotometrically based on ε 240 nm = 43.6 M −1 cm −1 (Hiner et al., 2000) .
The enzymatic assays against ABTS (2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonate)), Mn 2+ , veratryl alcohol and Reactive Black 5 were carried out according to the published procedures (Bao et al., 2012 (Bao et al., , 2014 Gao et al., 2016) . One unit of enzyme activity (U) is defined as the amount of the enzyme that catalyzes conversion of 1 μmol substrate per min. The K m and V max values for ABTS were determined by fitting the Michaelis-Menten equation using GraphPad Prism (GraphPad Co. Ltd., USA). The k cat values were calculated from V max on the basis of 52.6 kDa, which was predicted based on the amino acid sequence of VP fused to thioredoxin. All enzymatic assays were done in triplicate.
UV-vis spectroscopy
UV-visible spectra for all variants and WT VP were recorded between 250 nm and 700 nm on a multimode reader (Infinite M200 PRO, TECAN) in 10 mM sodium tartrate (pH 5.5) at 25°C. The protein concentrations were as follows (in mg/ml): V1, 0.78; V2, 0.74; V3, 0.85; V4, 0.79; V5, 0.61; V6, 0.91; WT VP, 0.85.
Determination of optimal pH and pH stability
The pH-rate profiles of WT VP and variants were determined using 0.5 mM ABTS as the substrate in 0.1 M B & R (Britton and Robinson) buffer containing 0.1 mM H 2 O 2 over the pH ranges of pH 2.0 to 9.0 at 418 nm and 25°C (Britton and Robinson, 1931) .
The pH stability was estimated by first preincubating the purified enzymes in 0.1 M B & R buffer at different pH values (pH 2.0 to 9.0). Then the residual activities were measured against 0.5 mM ABTS in 0.1 M sodium tartrate (pH 3.5) containing 0.1 mM H 2 O 2 at 25°C immediately after incubated at 4°C for 1 min, 1 h, 4 h, 25 h and 120 h, respectively. For each enzyme, the highest activity was taken as 100%, and the percentage of the residual activity at different time points and pH values against the highest one was calculated. All enzymatic assays were performed in triplicate.
Determination of thermal stability
The thermostabilities of WT and variants were estimated by measuring the T 50 value using 96-well gradient thermocyclers (TC-5000, TECHNE), which was defined as the temperature at which enzyme loses 50% of original activity following incubated for 10 min. After some trials, the enzymes were incubated for 10 min in a gradient temperature ranging from 40°C to 70°C for WT VP and variants. After 10 min of incubation, enzymes were chilled on ice for 10 min and further incubated for 5 min at room temperature. Afterwards aliquots (50 μl) were subjected to the ABTS-based assay described above. The thermostability values were deduced from the ratio between the residual activities incubated at different temperature points and the initial activity. All enzymatic assays were carried out in triplicate.
Circular dichroism spectroscopy
Far-UV circular dichroism (CD) spectra (190 to 260 nm) were recorded for WT VP and variants at 0.05 mg/ml in 50 mM citratephosphate buffer (pH 5.5) on a Jasco J-810 spectropolarimeter at 25°C. Data were averaged over three runs and the background was subtracted. Secondary-structure analyses were performed with the BeStSel method, which is available at the bestsel.elte.hu server (Micsonai et al., 2015) .
Results
Identification of the target residues for mutagenesis
Since it was observed that CiP and PNP exhibited higher alkaline and thermal stability than VP (Shiro et al., 1986; Hu et al., 1987; Schuller et al., 1996) , they might contain some structural motifs beneficial to their stability. The sequence and structure alignment of VP (PDB code: 2BOQ) and CiP (PDB code: 1H3J) showed that the amino acid sequences around the proximal calcium region were not highly conservative (The sequence identity between VP and CiP is 49.2%.) ( Figs 1A and 2) , and the loop structures around the distal calcium region were quite different: CiP has six amino acids (Thr65, Ala66, Ala67, Gly68, Gln69 and Phe70) longer loop than VP ( Figs  1A and 2 ). In contrast, the sequence identity between VP and PNP is only 27.3% (Fig. 1B) , and superimposition of the crystal structures of VP and PNP (PDB code: 1SCH) revealed that PNP has seven amino acids (Ser53, Pro54, Thr55, Leu56, Gly57, Gly58 and Gly69) shorter loop than VP, separating the residues which make up the distal calcium site (Fig. 3) . In addition, in PNP there was a disulfide bond between Cys44 and Cys49 close to two ligands of the distal calcium ion-Asp43 and Asp50, forming a loop encompassing several of the distal calcium ligand residues (Schuller et al., 1996) . However, none of the class I or II peroxidases contains the equivalent of the disulfide Cys44-Cys49 in PNP (Schuller et al., 1996) . A similar disulfide bond and a much shorter loop around the distal calcium site are also present in HRP (Gajhede et al., 1997) . This might be the reason why rigorous conditions were required to release Ca 2+ from PNP and HRP (Shiro et al., 1986; Hu et al., 1987; Schuller et al., 1996) . Based on this observation, the thermal and pH stability of MnP was improved by engineering such a disulfide bond around distal calcium site in MnP (Reading and Aust, 2000) . Moreover, there is a big difference in the loop around proximal Ca 2+ between VP and PNP according to the sequence and structure alignment ( Figs 1B and 3 ). All these above different motifs among these enzymes, which might be related to higher pH and thermal stability of CiP and PNP (Shiro et al., 1986; Hu et al., 1987; Schuller et al., 1996) , were integrated into VP to see whether these beneficial motifs could confer VP with improved stability in this study.
Construction, overexpression and purification of variants
Based on the different motifs between VP and CiP, VP and PNP, six variants were designed and constructed (Fig. 4) . For V1 (Variant 1), six amino acids of CiP (Thr65, Ala66, Ala67, Gly68, Gln69 and Phe70) were inserted between Leu56 and Gly57 around distal Ca 2+ in VP to imitate the longer loop in CiP. In V2, the residues Ser168-Glu191 of VP around proximal Ca 2+ were replaced with Ala182-Gln205 of CiP to simulate the loop of CiP. In the case of V3, Ala49-Ala61 of VP were substituted by Cys44-Cys49 of PNP to mimic the shorter loop around distal Ca 2+ in PNP. As far as V4 is concerned, both Ala49 and Ala61 in VP were mutated into Cysteine to generate a disulfide bond between them, similar to the one existing between Cys44 and Cys49 in PNP (Schuller et al., 1996) . For V5, Thr55-Gly58 of VP were removed to obtain a truncated loop for a tighter structure around the distal calcium region to mimic the shorter loop of PNP. For CP V6, three Glycines were inserted between Gln52 and Gly53 in V3 to generate a more flexible loop. All variants were successfully overexpressed in E. coli BL21(DE3), and purified on nickel column as before (Fig. S1 ).
Spectroscopic studies
UV-visible spectra for all variants and WT VP were recorded between 250 nm and 700 nm on a multimode reader (Fig. 5,  Fig. S2 ). No obvious peak was observed around 500 nm (corresponding to CT2 band, charge transfer band) for WT, and three peaks appeared at 536 nm, 564 nm and 636 nm, which were ascribed to β, α and CT1 bands, respectively ( All variants displayed similar absorption spectra to WT VP (Fig. 5, Fig. S2 ). Only a slight red shift (around 2 nm) was observed in the Soret band in all variants except V4. A clear increase at 532 nm was found in V3 and V6, while a slight decrease in V1 was observed (Fig. 5, Fig. S2 ).
Enzymatic activities of WT VP and variants
The specific activities of WT VP and variants against four different substrates were shown in Table I . Substrates are oxidized at different sites in VP: (i) High redox potential VA (veratryl alcohol) and RB5 (Reactive Black 5) are oxidized at the catalytic tryptophan; (ii) Though low redox potential ABTS could be oxidized both at the catalytic tryptophan (the high efficiency site) and at the heme channel (the low efficiency site), only the activity at the low efficiency site was assayed for ABTS in the current study; (iii) Mn 2+ is oxidized at the Mn 2+ -binding site (Ruiz-Dueň as et al., 2009).
Most variants showed greatly reduced activities except V1 and V4. Compared with WT VP, V2 and V5 lost >97% of original activity against MnSO 4 . When ABTS was used as the substrate, the activity of V1 was not affected greatly, retaining about 108% and 85% of WT VP activity, respectively, and V4 only retained about 28%. However, the activities of V1 and V4 against other substrates were reduced to different extent. For V1, the bigger influence on oxidation of VA, RB5 and MnSO4 was observed than on oxidation of ABTS; For V4, the impact on oxidation of ABTS was greater than on oxidation of VA, RB5 and MnSO 4 . Since most variants' specific activities were so low that their steady-state kinetics could not be measured, only the kinetic parameters of VP, V1 and V4 were determined (Table II) . Compared with WT VP, the kinetic parameters, including K m , k cat and catalytic efficiency (k cat /K m ), were not affected too much for V1, whereas the K m value of V4 was increased slightly and its k cat and catalytic efficiency (k cat /K m ) were reduced significantly.
pH optima and stabilities of WT VP and variants
The pH-activity profiles for WT VP, V1 and V4 were made over the pH ranges 2.0-9.0 (Fig. S2) . The optimal pH values of V1, and V4 were at pH 3.0, similar to that of WT VP. Both variants displayed higher activities over a narrow pH range than WT VP. As shown in Fig. S3 , when pH is above 6.0 or at 2.0, all enzymes nearly completely lost their activities.
The pH stabilities of WT VP, V1 and V4 over the pH ranges of 2.0-9.0 were determined (Fig. 6) . At pH 2.0, 8.0 and 9.0, both variants were almost completely inactive after 1 h incubation. Just as reported, WT VP was relatively stable in the pH ranges of 3.5-7.0, retaining 60-80% of initial activity after 120 h incubation (Gao et al., 2016) . At pH 3.5 to pH 7.0, the stabilities of V1 and V4 were comparable to that of WT VP, retaining 60-80% of original activity after 120 h incubation. In the case of stability at pH 3.0, there were some differences among V1, V4 and WT VP. The residual activities at pH 3.0 were increased from 40% in WT VP to 60% in V1 and 
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1.61 ± 0.12 0.04 ± 0.00 0.02 a ABTS was used as the substrate, and all enzymatic assays were carried out in triplicate. Fig. 6 pH stabilities of WT VP and three variants: (A) WT, (B) V1, (C) V4. The pH stability was estimated by first preincubating the purified enzymes in B&R (Britton and Robinson) buffer at different pH values (pH 2.0 to 9.0). Then the residual activities were estimated using 0.5 mM ABTS in 0.1 M sodium tartrate (pH 3.5) containing 0.1 mM H 2 O 2 at 25°C immediately after incubation at 4°C for 1 min, 1 h, 4 h, 25 h and 120 h, respectively. All enzymatic assays were performed in triplicate V4, suggesting a slight improvement in acidic stability for these two variants.
Thermal stability assay T 50 , defined as the temperature at which the enzyme loses 50% of original activity following incubated for 10 min, was used to estimate the thermostabilities of WT, V1 and V4 (Fig. 7) . In comparison with WT VP, the T 50 values of both V1 and V4 were increased from 56°C to 59°C. Though the T 50 values of V1 and V4 were not raised significantly, the activity at specific temperature was greatly enhanced. For example, the activities of V1 and V4 were about 2.5-fold higher that of WT VP at 58°C (Fig. 7) .
CD for WT VP and variants
CD was used to investigate the effects of mutations on the conformational or secondary structure. All variants and WT VP showed similar CD spectra and secondary structures (Fig. 8 , Table III ).
Discussion
VP, as a type of newly discovered high redox potential ligninolytic peroxidase, received great attention due to its catalytic promiscuity (Ruiz-Dueň as and ). However, its instability under some conditions such as high hydrogen peroxide concentration, high temperature, and strong acids or bases limits its industrial applications (Valderrama et al., 2002; Verdin et al., 2006; GarciaRuiz et al., 2010 GarciaRuiz et al., , 2012 Bao et al., 2014; Gonzalez-Perez et al., 2014 Sáez-Jiménez et al., 2015a , 2015b . Therefore, there is an urgent need to enhance its stability (Garcia-Ruiz et al., 2010 Bao et al., 2014; Gonzalez-Perez et al., 2014 Sáez-Jiménez et al., 2015a , 2015b .
Considering the fact that CiP and PNP exhibited higher thermal and alkaline stability than VP (Shiro et al., 1986; Hu et al., 1987; McEldoon and Dordick, 1996; Schuller et al., 1996; Lige et al., 2001; Ikehata et al., 2005) , and VP showed high structure identity to CiP and PNP and high sequence identity to CiP (Petersen et al., 1994; Schuller et al., 1996) , structure-and sequence-based engineering strategy was utilized to improve VP's pH and thermal stability in the current study. Six VP variants V1, V2, V3, V4, V5 and V6, incorporating the beneficial structural motifs contributing to the pH and thermal stability of CiP and PNP into VP, were designed, constructed and fully characterized.
Variants performed differently against four types of substrates tested, which were oxidized at different catalytic sites . The studies towards V3, V5 and V6 demonstrated that truncation of the loop around distal Ca 2+ in VP impaired activities significantly. Since it has been suggested that the redox potential and activation of peroxidases by H 2 O 2 depend on the precise position of two histidines located immediately below and above the heme cofactor, the complete loss of activities of V3, V5 and V6 may be because the distal calcium region and/or the position of the distal histidine (His47) in helix B was/were destabilized by the truncated loop around distal Ca 2+ (Sáez-Jiménez et al., 2015b) . The results of V2 indicated that substitution of Ser168-Glu191 around proximal Ca 2+ in VP by Ala182-Gln205 in CiP had big effects on catalytic activities, suggesting that the side chains of those nonconserved amino acids around proximal Ca 2+ in VP may play important roles in maintaining VP activity. In addition, it has been observed that the stabilization of the environment of the proximal histidine (His169 acting as the fifth heme iron ligand, located at helix F) is critical Fig. 7 Thermostabilities of wild-type VP and some variants. Each point, including the standard deviation, was from three independent experiments. The enzymes were incubated for 10 min in a gradient temperature ranging from 40°C to 70°C for WT VP, V1 and V4. After 10 min of incubation, samples were chilled on ice for 10 min and further incubated for 5 min at rt. Afterwards aliquots (50 μl) were subjected to the ABTS-based assay. All enzymatic assays were done in triplicate Table III . Secondary-structure (%) estimation based on CD spectra of WT VP and variants. Secondary-structure analyses were performed with BeStSel method (Micsonai et al., 2015) α taking into consideration that the strength of the interaction between His169 and the heme iron has been proposed as one of the factors determining the high redox potential of ligninolytic peroxidases (Banci et al., 1991 (Banci et al., , 2003 V1 and V4 displayed enhanced acidic stability, especially at pH 3.0. We expected a similar effect at pH above 7.0 according to the reported results for an engineered MnP variant including a similar disulfide bond between A48C and A63C (Reading and Aust, 2000) . However, both did not show increased stability at neutral and alkaline pH compared with WT VP. These differences have been proposed to result from different mechanisms responsible for pH inactivation at acidic and neutral pH (Sáez-Jiménez et al., 2015b) .
It seems that all variants did not show obvious changes in UVvis spectra, CD spectra and secondary structures in comparison with WT VP, suggesting that the modifications did not lead to big structural changes.
In conclusion, according to the structure and sequence alignment among VP, CiP and PNP, six VP variants harboring the potential beneficial motifs contributing to the pH and thermal stability of CiP and PNP were designed, constructed and characterized. Most variations resulted in great loss of enzyme activities except V1 and V4. V1 and V4 displayed improved both acidic and thermal stability, and showed little effects on activity. The designed variants V1 and V4 are more stable at low pH, making them of special interest from a biotechnological point of view in processes such as ligninolysis favored by acidic conditions. The results demonstrated that the structure-based engineering strategy would be useful for rational construction of stable ligninolytic peroxidases and even other enzymes.
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